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ABSTRACT
We present a comparative scaling analysis of 37 early-type gravitational-lens galaxies from the
Sloan Lens ACS Survey, based on Hubble Space Telescope imaging and Sloan Digital Sky Survey
spectroscopy. By measuring masses via strong lensing and velocity dispersions from stellar kinematics,
we construct both the fundamental plane (FP) scaling relation, and an analogous “mass plane” (MP)
that replaces surface brightness with mass density. We show that the residuals about the best-fit
FP are significantly correlated with the lensing-determined total mass-to-light ratio, giving a clear
observational explanation for the intrinsic thickness of the FP. We find that in going from the FP to the
MP, the plane’s “tilt”—i.e. its deviation from the simplest virial expectation—is significantly reduced,
and its tightness is increased. This result implies that galaxies form a substantially homologous
population in their mass structure, and that the tilt of the FP is due primarily to a systematically
varying mass-to-light ratio rather than to structural non-homology. The intrinsic tightness of the MP
suggests the use of this plane in lens galaxies as a cosmological distance indicator independent of
luminosity-evolution effects.
Subject headings: gravitational lensing — galaxies: elliptical
1. INTRODUCTION
The “fundamental plane” (FP; Dressler et al. 1987;
Djorgovski & Davis 1987) is a well-known scaling rela-
tionship between the size, surface brightness, and ve-
locity dispersion of elliptical galaxies that indicates an
underlying regularity within the population. Over the
past two decades, this regularity has been of great inter-
est to the community of extragalactic astronomers as a
source of insight into the structure and evolution of el-
lipticals. However, no definite consensus has emerged as
to the underlying explanation of the FP. This state of
affairs persists because of an insufficient number of obser-
vational constraints with which to break the degeneracy
between various possibilities. A quick sketch suffices to
illustrate the reason why. In terms of commonly observ-
able galactic parameters, the virial theorem takes the
following dimensional-analysis form:
R = cG−1σ2Υ−1I−1 , (1)
where R is a characteristic radius of the luminosity dis-
tribution (conventionally the “half-light” radius), c is a
dimensionless structure constant related to the mass- and
luminosity-density profiles of the galaxy (which need not
in general be the same), G is the Newtonian gravitational
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constant, Υ is the galaxy’s mass-to-light ratio within
some defined aperture, and I is the projected luminosity
density, again within some given aperture. While σ, R,
and I are observable quantities, both c and Υ are gener-
ally unobservable. The observed FP relation is (crudely
speaking):
R ∝ σ1.5I−0.8 (2)
(e.g. Bernardi et al. 2003). The difference between the
virial exponents (2,−1) and the FP exponents (≃ 1.5,≃
−0.8) is known as the “tilt” of the FP. We see that
the tilt may be explained in terms of a systematic varia-
tion of the mass-to-light ratio with other galaxy param-
eters, or alternatively in terms of a variation in c, or in-
deed through some combination of these two effects. The
varying-Υ scenario is commonly cast in terms of a depen-
dence of Υ on luminosity L ∝ R2I following Faber et al.
(1987), and may arise from a systematic variation in ei-
ther the stellar mass-to-light ratio or the central dark-
matter fraction. The case of varying c is described as
“structural non-homology”, with “homology” describing
the case of c = constant. As long as both Υ and c remain
unobservable, there is a wide range of possibility for their
joint variation while still satisfying both Eq.s 1 and 2—a
degeneracy that must be broken through some additional
assumption or observation (see e.g. Ciotti et al. 1996).
Strong gravitational lensing can break this degeneracy
observationally, since Υ within the Einstein radius REin
is directly observable in gravitational lens galaxies inde-
pendent of any dynamical modeling. The main impedi-
ment to this strong lensing approach has been the lack
of a large and homogeneous sample of strong lenses for
whichR, I, and σ can all be reliably measured. This limi-
tation has recently been overcome by the Sloan Lens ACS
(SLACS) Survey (Bolton et al. 2006; Treu et al. 2006;
Koopmans et al. 2006; Gavazzi et al. 2007; hereafter Pa-
pers I–IV respectively; see also Bolton et al. 2004, 2005),
an ongoing survey for strong gravitational lens galax-
ies combining spectroscopic lens-candidate selection from
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the Sloan Digital Sky Survey (SDSS; York et al. 2000)
with high-resolution follow-up imaging with the Ad-
vanced Camera for Surveys (ACS) aboard the Hubble
Space Telescope (HST). In this Letter, we construct the
FP of SLACS lenses and obtain some immediate insight
into its genesis from the addition of strong lensing data.
This in turn leads us to suggest a more fundamental for-
mulation in terms of mass rather than luminosity.
2. OBSERVATIONS AND MEASUREMENTS
The imaging data for all analysis presented in this Let-
ter were collected with single 420-s exposures through
the F814W (I-band) filter under HST programs 10174
(PI: Koopmans) and 10587 (PI: Bolton). As of 2006
July, 89 systems were successfully observed with ACS-
WFC by these two Snapshot programs, yielding 45
strong lenses with redshifts in the range zlens ≃ 0.1–
0.4. Full details of the final SLACS Snapshot sample
will be presented in a forthcoming paper (Bolton et
al. 2007, in preparation; hereafter B07). To generate
lens-galaxy-subtracted images suitable for gravitational
lens modeling and to measure lens-galaxy flux within
an arbitrary radial aperture, we fit a PSF-convolved
elliptical b-spline model to the surface brightness pro-
file of the lensing galaxies (see Paper I). We also fit a
PSF-convolved elliptical deVaucouleurs surface bright-
ness model to the image of each lens galaxy, to mea-
sure intermediate-axis half-light (effective) radii (Re) and
brightnesses (Ie = 0.5L/piR
2
e) for use in the FP anal-
ysis. Lastly, we fit singular isothermal ellipsoid (SIE;
e.g. Kormann et al. 1994) mass models to the extended
multiple images of lensed background galaxies. Dis-
tinct components are parameterized as Se´rsic ellipsoids,
and are viewed through the gravitational deflection of a
trial SIE model; the SIE and background-galaxy param-
eters are then optimized non-linearly. We correct the
HST I-band photometry with the Galactic dust correc-
tions of Schlegel, Finkbeiner, & Davis (1998), synthetic
k-corrections to rest-frame V -band based on SDSS spec-
tral templates for each galaxy, an evolution correction of
d logΥV /dz = −0.4 (Kelson et al. 2000; Treu et al. 2001;
Moran et al. 2005), and distance moduli computed for an
(ΩM ,ΩΛ, h) = (0.3, 0.7, 0.7) FRW universe. Throughout
this Letter, magnitudes are in the AB system, masses
and luminosities are in solar units, Re is expressed in
kpc, and velocities are in kms−1.
In order to achieve a uniform physical aperture with as
little extrapolation and artificial covariance as possible,
we correct all lensing mass measurements to an aperture
of Re/2 using the isothermal mass model, since the me-
dian ratio of REin to Re within our lens sample is 0.55.
The isothermal model is preferred by the lens-dynamical
analysis of Paper III, and is also favored by statisti-
cal studies of lensed quasars (e.g. Rusin & Kochanek
2005) and by dynamical analysis of nearby ellipticals
(e.g. Gerhard et al. 2001). To assess the sensitivity of
our results to the isothermal assumption, we derive alter-
nate aperture-mass corrections using a light-traces-mass
(LTM) model determined from the b-spline photometry.
To compute central mass-to-light ratios (which we de-
note by Υe2), luminosities within Re/2 are measured
from the b-spline models. The mean isothermal mass-
to-light ratio correction from REin to Re/2 is −3%, with
an RMS correction of ±9%. We also correct the ob-
served velocity dispersions from the SDSS fiber radius of
1.′′5 to Re/2 (giving σe2) using the empirical relation of
Jørgensen, Franx, & Kjærgaard (1995). These velocity
corrections are small: 1.4% ± 1.3%.
We reject several lenses based upon (i) prominent spiral
arms, (ii) an SDSS spectral SNR per pixel of less than
7, or (iii) significant disagreement between the model Re
and the radius of an aperture containing one-half of the
model flux. These cuts leave us with a sample of 37
early-type strong lens galaxies with absolute evolution-
corrected magnitudes MV in the range −20.8 to −24.0
and velocity dispersions σe2 ≃ 180–390km s
−1.
3. PLANES FUNDAMENTAL
Paper II showed the original SLACS sample of 15 lenses
to be consistent with the locally determined FP when
corrected for luminosity evolution; the current, larger
sample allows us to directly constrain the FP of the
lenses. We perform this fit in the orthogonal sense, defin-
ing the best-fitting plane as that which minimizes the to-
tal squared perpendicular distance from all data points in
the space spanned by logRe, log Ie, and log σe2. Defined
in this way, the coefficients of the FP do not change with
the choice of dependent variable. Expressing the FP in
the form
logRe = a logσe2 + b log Ie + d , (3)
we find a = 1.50±0.27, b = −0.8±0.1, and d = 3.9±1.5.
(These and all other errors and confidence limits in this
Letter are obtained through bootstrap resampling of the
lens sample.) The given errors are the square-root di-
agonal entries of the covariance matrix of the individ-
ual bootstrap coefficient fits; off-diagonal correlations are
significant, and are given by ρab = 0.56, ρad = −0.82,
and ρbd = −0.93. The residual logarithmic orthogonal
scatter about the best-fit plane is 0.040dex. The FP is
shown in edge-on projection with respect to Re in the left
panel of Fig. 1. The scaling coefficients (a and b) of the
FP defined by the SLACS lens sample are consistent with
the FP defined by the parent sample of SDSS galaxies
(B07), and with the orthogonal FP fits of Bernardi et al.
(2003) for early-type galaxies from the SDSS (with some-
what different selection and conventions).
So far we have made no use of strong lensing infor-
mation. We show in the center panel of Fig. 1 that the
residual scatter about the best-fit FP is significantly cor-
related with Υe2 as determined from lensing. The cor-
relation has a linear (Pearson) coefficient of −0.59, giv-
ing a formal significance of 99.99% for a sample size of
37. The significance of the correlation is similar under
the LTM assumption (i.e. no correction of Υ from REin
to Re/2). Furthermore, the FP residuals do not have
any significant correlation with mass or with luminosity
separately, nor any correlation with redshift or with the
ratio REin/Re. We are thus drawn to the conclusion that
this correlation is intrinsic, and not introduced through
a correlation of measurement errors. (Though they did
not observe it directly, this correlation was deduced by
Faber et al. 1987 to be the most likely explanation for
the intrinsic thickness of the FP.) This intrinsic mass-to-
light thickness of the FP is in the “virial” sense of Eq. 1,
with galaxies of larger R at fixed σ and I having lower
Υ. Adding Υe2 as an additional independent variable to
the FP fit (thus making it a hyperplane) results in an
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RMS logarithmic orthogonal scatter of 0.022dex. Sub-
tracting in quadrature relative to the original 0.040dex
scatter, we find an intrinsic RMS orthogonal logarith-
mic thickness of the FP due to mass-to-light variation of
approximately 0.034dex. (Though they did not observe
it directly, the correlation of FP residuals with mass-to-
light ratio was deduced by Faber et al. 1987 to be the
most likely explanation for the intrinsic thickness of the
FP. Also see Jørgensen, Franx, & Kjærgaard 1996 for an
extensive observational analysis of FP residual correla-
tions and intrinsic thickness.)
Luminosity is not fundamental to galaxy dynamics:
mass is fundamental, and luminosity is but an imperfect
tracer of mass. Thus, we next fit for an analogous plane
in mass space, which we will refer to as the “mass plane”
(MP). In analogy with the form of the FP, we define the
MP by replacing surface brightness Ie with surface mass
density within Re/2, denoted by Σe2 (in M⊙ kpc
−2):
logRe = am log σe2 + bm logΣe2 + dm . (4)
The MP still takes its scale length from the luminosity
distribution, since mass scale lengths are not well de-
termined by strong lensing, and in any event are un-
defined for self-similar models such as the SIE. Note
however that in going from Ie to Σe2, the sensitivity to
cosmic luminosity evolution is removed. Fitting as for
the FP above, the MP coefficients are am = 1.80± 0.14,
bm = −1.1 ± 0.1, and dm = 7.1 ± 1.1. Off-diagonal
correlations are given by ρab,m = 0.15, ρad,m = −0.44,
and ρbd,m = −0.95. The RMS orthogonal logarithmic
scatter about the MP is 0.027dex. Fitting for the MP
with mass densities computed using the LTM assumption
rather than the isothermal model gives am = 1.87±0.16,
bm = −0.9 ± 0.1, and dm = 5.1 ± 0.9, with comparable
parameter correlations and a tightness of 0.030dex. The
edge-on MP is shown in the right panel of Fig. 1
In going from the FP to the MP, we see two impor-
tant effects: the tilt of the plane relative to the virial
relation is reduced, and the tightness of the plane is in-
creased. We quantify the significance of the first effect
by examining the distribution of (am− a, bm− b) for FP
and MP fits to 10,000 bootstrap resamplings of the 37
lenses. Modeling the distribution as a bivariate Gaus-
sian, we find that the FP and MP scaling coefficients
are inconsistent with one another at 99.8% (96%) confi-
dence for the isothermal (LTM) MP. In similar fash-
ion, we find that the MP is tighter than the FP for
99% (96%) of the bootstrap samples under the isother-
mal (LTM) assumption. Furthermore, including both Ie
and Σe2 in the fit simultaneously decreases the residual
scatter negligibly relative to the MP. The reduced tilt of
the MP is such that, based on the current sample and
data, we cannot rule out pure homology of the MP: the
isothermal (LTM) MP coefficients are inconsistent with
the homologous values (am, bm) = (2,−1) only at the
72% (55%) level. For comparison, our FP is inconsistent
with (a, b) = (2,−1) at the 99.9% level. This result sug-
gests a universal mass profile within the population, and
is complementary to the “bulge-halo conspiracy” seen
through other lines of evidence, whereby the combined
luminous and dark-matter profiles of early-type galaxies
generate a more uniformly flat rotation curve than either
component alone (e.g. Gerhard et al. 2001).
Adopting a hypothesis of pure structural homology, we
can calibrate a “virial coefficient” ce2 relating mass den-




Defined in this way, ce2 = 1 for an isothermal sphere if
σe2 is replaced with the velocity-dispersion parameter of
the isothermal mass model. The median value for the
lens sample is ce2 = 0.98 ± 0.04 (isothermal) and ce2 =
0.93±0.04 (LTM), with an RMS scatter of about 0.16 in
ce2. The virial coefficients are thus consistent with the
isothermal value, a result already seen (from somewhat
different angles) in Papers II and III. Furthermore, ce2
is not significantly correlated with any other lens-galaxy
observables, and the RMS scatter is consistent with the
measurement errors, which are associated primarily with
the stellar velocity dispersion.
4. DISCUSSION
The results presented so far suggest a systematic vari-
ation in the central mass-to-light ratio of early-type
galaxies—rather than structural non-homology—as the
primary explanation for the tilt of the FP. This leaves
the question of whether that variation is in the stel-
lar population or in the dark-matter fraction. Previ-
ous studies have shown that stellar population effects
must be responsible for some (but not all) of the tilt
of the FP, as seen through the systematic decrease in
tilt at redder wavebands (Pahre et al. 1998), detailed
stellar population modeling (Thomas et al. 2005), and
the galaxy-mass-dependent average rate of luminosity
evolution with redshift (Treu et al. 2005a,b). At this
stage, the main diagnostic available to us to quan-
tify stellar populations effects in the SLACS sample is
the strength of the 4000A˚ break in lens-galaxy contin-
uum flux Dn(4000), which should correlate with stel-
lar mass-to-light ratio (Bruzual 1983; Hamilton 1985;
Balogh et al. 1999; Kauffmann et al. 2003). No signif-
icant correlation with Υe2 is found, although the sen-
sitivity of Dn(4000) may not be sufficient to detect
the small age differences (∆t/t ∼ 2/10) expected for
early-type galaxies in this range of velocity dispersion
(Thomas et al. 2005). Taken at face value, the result
suggests that most of the variation in Υe2 is due to dark
matter content. We will quantify this statement in future
work with the aid of more sophisticated stellar popula-
tion diagnostics.
Previous studies have constructed the FP of
gravitational lens galaxies (Kochanek et al. 2000;
van de Ven et al. 2003; Rusin & Kochanek 2005), but
have taken their velocity dispersions from the strong
lensing data rather than from stellar dynamics. By com-
bining independent measurements of mass and velocity,
we have made the first observational correlation of the
thickness of the FP with intrinsic scatter in mass-to-light
ratio, and have introduced an analogous plane in mass
space that is both tighter and less “tilted” relative to
the virial scaling relation. This observational “mass
plane” is a fundamental dynamical scaling relation for
early-type galaxies; though it requires a measurement of
galaxy size, it makes no reference to galaxy luminosity,
and therefore it can be tracked across cosmic time
without regard to stellar evolution. The MP thus
offers great promise as a cosmological standard ruler,
particularly if the relation can be calibrated locally
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Fig. 1.— Left: effective radius Re as observed and as predicted from the best-fitting FP relationship between Re, Ie, and σe2. Center:
mass-to-light ratio Υe2 in the V -band versus residuals about the FP relationship at left. Right: observed and predicted Re using the
mass-plane (MP) relation between Re, Σe2, and σe2. Note decreased scatter relative to left panel.
by masses from detailed dynamical models of nearby
elliptical galaxies. (Though structural evolution may
still occur: e.g. van der Marel & van Dokkum 2006a,b.)
By removing the need for stellar-population modeling,
the MP is also more suitable for comparison with the
results of numerical simulations.
With respect to other observationally derived expla-
nations for the FP, our results are most notably con-
sistent with those of Padmanabhan et al. (2004), who
attribute the tilt of the FP to dark matter, and with
those of Cappellari et al. (2006), who find little evidence
for structural non-homology. This agreement is reas-
suring given the diversity of the methods employed be-
tween these studies and ours. Our conclusions are at
variance with those of Trujillo, Burkert, & Bell (2004),
which identify non-homology as the principal factor re-
sponsible for the tilt of the FP. However, following
Romanowsky et al. (2003), Trujillo et al. (2004) only al-
low for stellar mass, thus excluding a priori the possibil-
ity of systematic variations in dark-matter fraction. We
note that unlike all other methods employed for early-
type galaxies, strong-lensing mass measurements such as
ours are straightforward and nearly model-independent.
We also note that none of the aforementioned studies
define their own internal FP.
This Letter has not addressed possible biases intro-
duced through our gravitational-lens selection procedure.
We defer a full discussion of selection effects to B07, but
note that Papers I and II showed the original SLACS
sample to be statistically consistent with the parent sam-
ple of non-lens SDSS galaxies from which they were se-
lected.
The analysis presented here has been made possible
only recently by the SLACS Survey gravitational lens
sample. Forthcoming deep HST-ACS imaging will per-
mit more accurate mass, luminosity, and color measure-
ments, while ongoing spectroscopy with VLT and Keck
telescopes will provide more robust velocity dispersion
measurements and stellar-population diagnostics. These
data will soon enable a more precise description of the
effects described in this Letter.
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